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The effect of the depletion of intercellular lipids from human 
stratum corneum and shed snake skin on the permeability to 
salicylic acid (SA) was investigated in vitro. Shed snake skin 
was used as a model membrane for human stratum corneum. 
Lipid depletion with a mixture of chloroform and methanol 
increased the permeability of those skins to the ionized form 
but not to the unionized form of SA. Moreover, lipid deple-
tion increased dramatically the permeability of shed sna~e 
skin to compounds with low lipophilicity, although it did 
not have a significant effect on the more lipophilic com-
pounds. As a hypothesis to explain the marked increase of 
skin permeability to compounds oflow lipophilicity, includ-
ing the ionized form of SA, we suggest increased water trans-
port.] Invest DermatoI99:278-282, 1992 
----------------------------------------------------------------------------------------------------------
T he skin, particularly the stratum corneum, protects the vital organs from chemical and biologically harm-ful influences and controls transepidermal water loss to regulate body temperature. Current investigations regarding the barrier function of the stratum corneum 
have focused on intercellular lifids with respect to their composi-
tion [1- 6] and structure [7 -10 . Intercellular lipids in human stra-
tum corneum principally consist of fatty acid, cholesterol, choles-
teryl sulfate, and sphingolipids such as ceramides. These lipids form 
broad, multilamellar sheets in intercellular spaces and are important 
in regulating. the barrier function of the skin [11 ,12]. However, the 
role of intercellular lipids in percutaneous permeation of various 
compounds is not well characterized. 
Studies on human percutaneous absorption have been conducted 
by employing various model membranes such as animal skin 
[13.14 J, artificial membrane [15] and human cadaver skin. The use-
fulness of shed snake skin as a model membrane has also been re-
ported; Itoh et al [16) showed the similarities between human stra-
tum corneum and shed snake skin in terms of thickness. lipid 
content, and skin permeability to various compounds such as 
phenol. methylparaben. corticosterone. and so on. In a recent study. 
we also compared the skin permeability to salicylic acid (SA) using 
human skin excised from various anatomic sites and shed snake skin 
in vitro.* In this analysis. the permeability of shed snake skin was 
shown to be almost the same as that of the human back and mamma. 
Shed snake skin is pure. non-vital stratum corneum containing 
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multilamellar lipid sheets that exist in intermediate mesoslayers 
between cornified cells [8,17]. The total lipid content in shed snake 
skin is similar to that of human stratum corneum [4.16], althou~h 
the components are markedly different. The main polar lipids Id 
human stratum corneum are ceramides [5] whereas those in she 
snake skin are phospholipids [18). Elias et al [19) reported that total 
lipid content. rather than lipid composition, is more important In 
barrier function. Thus. shed snake skin was thought to be a suitable 
model membrane for human stratum corneum for a study of the role 
of intercellular lipids in stratum corneum in drug permeation. 
In the present study, we first evaluated the effect of lipid d~ple­
tion on the permeability to SA from different pH buffer solutl~ns. 
using human skin and shed snake skin. The effect of lipid depletion 
on the permeability through shed snake skin was then examined by 
using various compounds with differing lipophilicities. 
MATERIALS AND METHODS 
Chemicals Salicylic acid (SA) and phenol were purchased frorn 
Wako Pure Chemicals (Osaka. J apan). Dinitrochlorobenze'be 
(DNCB) and propyl p-aminobenzoate (propyl-PABA) were 0 -
tained from Tokyo Kasei (Tokyo. Japan). Acetaminophen (AA~)' 
p-aminobenzoic acid (PABA). salicylamide (SAA). methyl p_amln-
obenzoate (methyl-PABA), ethyl p-aminobenzoate (ethyl-PABA). 
butyl p-aminobenzoate (butyl-PABA), butyl p_hydroxybenzoate 
(butyl-paraben), and Clea-sol I as a scintillation cocktail were fro~ 
Nacalai Tesqu Ltd. (Kyoto. Japan). Tritium-labeled water (10) 
mCi/ml) was purchased from ICN Biomedicals Inc (CA. U.S.A·d All other chemicals and solvents were of reagent grade and use 
without further purification. 
Skin Sources and Preparation Shed snake skin of python retia/-
latus, a gift from Dainihon Pharmaceutical Co., Ltd., was stored at 
70% relative humidity at room temperature. One scale of the ven-
tral skin (thickness, 50 lim) was used for each permeation stud~ after 
overnight hydration in pH 7.4 Tris-HCl buffer solution pnor to 
experiments. 
Human mamma skin was obtained at surgery from five W?men 
between the ages of 38 and 72 years. Immediately after eXCiSiOn. 
subcutaneous fat was removed with surgical scissors and. forcihs, 
The skin was kept at 4 0 C and used within 24 h after eXCISIOn. 1 e 
thickness of the mounted skin specimens was approximate y 
0.18 cm. 
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Figure 1. Relationship between penetration rate and fraction of unionized 
form of SA (pKa = 3.0) through human skin (opell circle) and shed snak~ skm 
(closed circle). One milliliter of SA buffer solution (500,ug/ml) was applted tD 
donor cell at 25°C. Bar, SEM of 3-11 trials. Lille, the regreSSlon analYSIS 
Curve. 
Lipid Depletion The ventral scale of shed snake ~kin (13.22 ± 
0.70 mg) was placed in 10 ml of chloroform and metha.nol mixture 
(2: 1 v Iv) overnight at ambient temperature for extraction of mter-
cellular lipids. The skin was then washed with methanol (10 ml) to 
remove chloroform and dried in a vacuum at room temperature. To 
estimate the extracted lipid contents of the shed snake sk~n, we 
evaporated the solvent extract under nitrogen gas and then dned the 
residue under reduced pressure until the weight became. constant. 
'fhe hpids of excised human skin were extracted accordmg to the ~ollowing procedure. After setting a circular piece of human skin 
etween two halves of a diffusion cell, 1 ml of chloroform and 
:ethanol mixture (2.: 1 v Iv) was placed on the skin. surface. The 
rganlc solvent was discarded after 30 mm, and the skm surface was 
nnsed three times with 1 ml of methanol, followed by distilled 
Water [20). 
rer~eation Study All permeation experiments were performed 
y USl11g a diffusion cell (Franz-type) in a room with constant tem-
rerature maintained at 25°C. A circular piece of skin (untreated or 
IPld-depleted) was held securely between the two halves of the cell. 
'fhe area of skin exposed to the test solution, or drug particles was 
0.785 cm2 (1 cm diameter). The lower receiver cell was filled with 
ISotonic pH 7.4 Tris-HCl buffer solution. The volume of each re-
~ I' . thlver c~1l was accurately det.ermined in advance. The so utlOn m 
he receiver cell was stirred vigorously with a magnetic bar dunng 
t e experiments to minimize the diffusion boundary layer at the 
tnembrane interface. Aliquots of the solution in the receiver cell 
were Withdrawn at designated time intervals, and then the same ~olume of the above buffer solution was resupplied to the cell. 
ortnples were stored at - 30 ° C until analysis. The permeat~on rate 
a test compound was determined from a slope of a regreSSIOn lme 
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obtained by plotting the cumulative amount penetrated against the 
time. 
A compound was applied to the skin surface in two different 
states-solution and solvent-deposited. 
Solution: Dosing solutions of various compounds were prepared as 
follows. SA (pKa = 3.0) was dissolved in isotonic pH 2.0 phosphate 
buffer, pH 3.0, pH 3.5, pH 4.0 citric acid-phosphate buffer, or 
pH 7.4 Tris-HCl buffer at a concentration of 500 .ug/ml. AAP 
(pKa = 9.5), phenol (pKa = 10.0), SAA, DNCB, methyl-PABA, 
ethyl-P ABA, propyl-PABA, butyl-PABA, and butyl-paraben were 
each dissolved at a concentration of 5 .umol/ml in a mixture of 
ethanol and pH 4.0 citric acid - phosphate buffer solution (1 : 5 v Iv) 
so that more than 99% of each compound existed in the unionized 
form in the dosing solution. For PABA (pKa = 4.65, 4.80), the 
pH 3.0 buffer solution was used. 3H-water was mixed with saline at 
a radioactive concentration of20 ILCi/ml. One milliliter of each test 
solution was placed on the stratum corneum side (beta-layer side in 
shed snake skin) and the upper donor cell was sealed with parafilm. 
Soltlent-Deposited: Application of a compound in a solid form was 
carried out according to the method of Scheuplein and Ross [21). 
AAP, SAA, DNCB, and butyl-PABA were dissolved in acetone at a 
concentration of 500 .umol/ ml. After shed snake skin (untreated and 
lipid-depleted) had been set on a diffusion cell and pH 7.4 buffer 
solution added to the receiver cell, a sheet of wet filter paper (15 X 
25 mm) was coiled around the inside of the cylindrical part of the 
donor cell and the opening of the cylindrical part was sealed with 
parafilm. Thus, the skin surface was hydrated for 24 h prior to the 
experiments. Ten microliters of an acetone solution of a compound 
(5 .umol) was placed on the skin surface. Acetone was completely 
evaporated by aeration on the skin. This was followed by a perme-
ation study during which the opening of the cylindrical part of the 
donor cell was sealed with parafilm to keep the atmosphere above 
the skin surface hydrated at about 100% relative humidity. 
Determination ofLipophilicity As a lipophilic index, the log 
k value of each compound was determined by high-performance 
liquid chromatography, according to the method of Yam ana et al 
[22). Briefly, a methanol solution of a compound was injected on a 
TSK gel-reverse-phase column (ODS-80TM, Toyo Soda, Tokyo, 
Japan) and the compound was eluted with a mixture of methanol 
and water at a flow rate of 1 ml/min. The composition of methanol 
in the mobile phase was changed from 20% to 70% according to the 
retention time of the compound. Detection of the compound was 
done at UV 254 nm. From the retention time of the compound 
(retained) and mobile phase (unretained), log k' is defined as log 
k' = log [(Tr/TO) - 1), where Tr and TO denote the retention time 
of the retained and unretained peaks, respectively. The calculated 
log k' values were plotted against the concentration of methanol 
(v/v%) in the mobile phase and the resultant line was extrapolated 
to 0% methanol to obtain the log k value. 
Analysis The concentration of SA, SAA, and phenol in the 
aqueous samples was determined by fluorescence spectroscopy (F-
3000 Fluorescence Spectrophotometer, Hitachi, Japan) at wave-
Table I. Effect of Lipid Depletion with Chloroform/Methanol Mixture on Penetration Rate of SA Through 
Shed Snake Skin and Human Skin" ~-----------------------~--------------~~--~----------------------
Pcnetration Rate (ug/cm 2/h) 
Shed Snakc Skin Human Mamma Skin 
PH2~ pH4~ pH7A pH2~ pH4~ pH 7.4 ~---------~~--------~--------~----------~------------------------~nt~eated 5.09 ± 0.18 b 0.29 ± 0.05 NO' 5.09 ± 1.03 0.37 ± 0.09 NO 
~ted 14.92 ± 0.78 7.37 ± 0.32 0.54 ± 0.12 16.10 6AO 0.21 
: ~nc milliliter of SA buffer solution (500 ,ug/ml) was applied to donor cells at 25°C. 
• N·ch value represents the mean ± SEM of 5-8 trials. Values without SEM were one trial. 
D, not detected. 
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Figure 2. Time course of cumulative amount of SA A (A) and DNCB (B) 
penetrated through untreated (closed circle) and lipid-depleted (open circle) 
shed snake skin. One milliliter ofSAA and ONCB buffer solution (pH 4.0) 
was applied to donor cell at 25 ° C. Bar, SEM of three trials. Line, the regres-
sion analysis curve. The number beside the line represents the r2 value. 
lengths of 298 nm (excitation) and 407 nm (emission) for SA; 
333 nm and 415 nm for SAA; and 273 nm and 300 nm for phenol. 
Other compounds were assayed with a spectrophotometer (UV-
160A, Simadzu, Kyoto, Japan) at 241 nm for AAP, 251 nm for 
DNCB, 257 nm for butyl-paraben, 266 nm for PABA, 285 nm for 
PABA-esters, and 550 nm for phenol red. Detection limits for these 
compounds, were 2 jiM or less, with the exception of phenol red, 
which had a detection limit of 0.5 jiM. No substances interfering 
with ultraviolet and fluorescence spectroscopic analysis of these 
drugs were released from either human skin or shed snake skin. For 
the 3H-water samples (100 jil each), 3 ml of scintillation cocktail 
was added and the radioactivity was determined by a liquid scintilla-
tion counter (LSL-903, Aloka, Tokyo, Japan) with an external stan-
dard. 
RESULTS 
Effect of Lipid Depletion on Permeability to SA of Human 
Skin and Shed Snake Skin The extent of skin permeability to 
weak organic acids such as SA is known to depend on the mole 
fraction of unionized compound [23,24] . The penetration rate of SA 
through untreated human skin and shed snake skin also increased 
linearly with an increase of unionized fraction, consistent with the 
pH-partition theory (Fig 1). No permeation of SA was observed at 
pH 7.4. The effect of lipid depletion on SA permeation was exam-
ined by using different pH solutions. Depletion of lipids resulted in 
a significantly increased permeation of SA at all pH values in both 
skins (Table I). The enhancement ratios (treated/untreated) were 
calculated to be 3.2 at pH 2.0 and 17.3 at pH 4.0 in human mamma 
skin, and 2.9 at pH 2.0 and 24.5 at pH 4.0 in shed snake skin, 
respectively. Interestingly, SA penetrated the lipid-depleted human 
skin and shed snake skin even at pH 7.4. The extent of increased 
penetration rate of ~A at any pH tested was found to be comparable 
in human skin and shed snake skin. Also, greater effects were ob-
served on the ionized form rather than the unionized form of SA. 
Effect of Lipid Depletion on the Permeability of Shed Snake 
Skin to Compounds with Different Lipophilicities In this 
study, compounds were applied to the skin surface as both an 
aqueous solution and a solvent-deposited solid. In Fig 2 are typical 
examples of the application of an aqueous solution, the permeation 
time profiles ofSAA and DNCB in the lipid-depleted and untreated 
shed snake skin. These compounds were selected as examples of 
relatively less lipophilic (SAA, log k = 1.34) and more lipophilic 
(DNCB, log k = 2.24) compounds. No effect of lipid depletion on 
the permeability ofDNCB was observed, whereas the permeability 
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Figure 3. Relationship between penetration rate and lipophilicity (log k) oJ 
various compounds as unionized form through untreated (closed circle) and 
lipid-depleted (open circle) shed snake skin. One milliliter of a compoun 
buffer solution (5 ,umol/ml) was applied to donor cell at 25°C. 1, AAP;~' 
PABA; 3, phenol; 4, SAA; 5, methyl-PABA; 6, ethyl-PABA; 7, ONCB; , 
propyl-PABA; 9, butyl-PABA; 10, butyl-paraben. Each value represents the 
mean of three trials. The standard errors were within the diameter of the 
symbols. 
of SAA increased 10 times in the lipid-depleted skin. This finding 
indicates that shed snake skin was more permeable to the relatlvely 
less lipophilic compound when lipids were depleted. I 
The effect of lipid depletion on the penetration rate of severa 
compounds having different Iipophilicities was examined. In ~Ig ~~ 
the penetration rate of these compounds from an aqueous solutIOn 
plotted against the lipophilic index, log k. In untreated skin, a parj-
bolic relationship with a peak at the log k value of2.5 was obtallle, . 
The effect oflipid depletion on the penetration rate varied markedhY 
depending on the lipophilicities of the permeants. A plotting.of t ~ 
increased ratio of the penetration rate against the lipophilic Illdex, 
log k, revealed the greater effects on compounds with lower hpO-
philicities having log k values of less than 2 (Fig 4). On th.e otte~ 
hand, little effect was observed on compounds with higher hpoP I 
Iicities (log k > 2). . . f 
The contrasting effects of lipid depletion on the permeablhlYtd 
more and less lipophilic compounds was further examined by a SO I 
application method. In this case, the influence of unstirred aqu~S 
boundary layers on the skin surface should be negligible. AAP, S. ' 
20 4 
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• 
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Lipophilicity (log k) 
l' 'd deple-Figure 4. Enhanced penetration rates of various compounds by Ipl hyl-
tion in shed snake skin. 1, AAP; 2, PABA; 3, phenol; 4, SAA; 5~r::~~ 10, 
PABA; 6, ethyl-PABA; 7, ONCB; 8, propyl-PABA; 9, butyl-Pf\.V ' 
butyl-paraben. 
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Table II. Effect of Lipid Depletion with Chloroform/Methanol Mixture on ~enetration Rate of Compounds Applied 
in a Solid Form Through Shed Snake Sklll" 
Untreated 
Lipid depleted 
AAP 
(log k = 0.76) 
Ratio (treated/untreated) 
12.1 ± 0.7' 
973.3 ± 51.6 
80.44 
• Five micromoles of each compound was applied to donor cells at 25 ' C. 
• Each va lue represents the mean ± SEM of three trials. 
DNCB, and butyl-PABA were used as model permeants, and the 
results are summarized in Table II. The increased permeation by 
lipid depletion was again observed in the less lipophilic compounds, 
Which is seen in the solution application. 
Effect of~ipid Depletion on Water Tr~nsport .Th; effect of 
hpld depletIOn on water transport was examllled by usmg H-:-vater. 
~s summarized in Table III, water permeation increased III the 
lipid-depleted skin (both human and shed snake skin). 
DISCUSSION 
To clarify the role of intercellular stratum corneum lipi.ds in drug 
permeation, we investigated the effect of lipid depletion of the 
stratum corneum on skin permeability to various compound~ .. In 
Untreated skin SA penetrated the skin following pH-partition 
theory (Fig 1). This finding shows that the barrier properties of the 
stratum corneum for SA permeation are predonunantly caused by 
the lipids. 
Lipid depletion of both human and shed snake skin facilitated the 
permeation of completely ionized SA (at pH 7.4), which ~susually 
Impermeable through untreated skin (see Table I). In addition, the 
permeation of relatively hydrophilic compounds (log k < 2) m-
creased markedly (Fig 3). However, in a separate expenment with 
phenol red, which is extremely water soluble and Impermeable 
through untreated skin, the depletion of lipids did not measurably 
affect its permeation through shed snake skin. This shows that 
hPld-depleted skin still retains some of its barrier function agamst 
Certain water-soluble compounds, depending on the molecular. sIZe. 
On the other hand, permeability of the lipid-depleted sk1l1 to 
mOre lipophilic compounds (log k > 2) was almost the same as that 
of Untreated skin (Fig 3). In the study employing aqueo.us solutions 
of a compound, the solution in the donor cell was not s~lrreddunng 
the permeation experiment. This experimental condlt~on raises the 
pOSSibility that the maximal flux of a compound, espeCially a highly 
liPophilic compound, could be lim.ited b.y the u~stirred boundary 
ayer on the skin surface. To examme thiS posslblltry, the appltca-
tlon.of a compound in a solid form in which the existence of the 
Unstlrred boundary layer on the skin surface was el1l11lnated, was 
Table III. Effect of Lipid Depletion with C hloroform/ 
__ Methanol Mixture on Penetration Rate oPH-Water· 
Penetration Rate (u1/cm2/h) 
Shed Snake Human 
Skin Mamma Skin -----------------~~--------------------Untreated L' . ~eplctcd 0.099 ± 0.005
b 
4.453 ± 0.142 
0.150 ± 0.034 
6.150 ± 0.394 
: One milliliter of 'H-water (20 ,uCi/ml) was applied to donor cell at 25 ' C. 
Each value represents the Illean ± SEM of 3 - 4 trials. 
Penetration Rate (nmol/cm 2/h) 
SAA 
(log k = 1.34) 
44.5 ± 1.3 
457.0 ± 20.9 
10.27 
ONCB 
(log k = 2.24) 
71.5 ± 5.3 
87.9 ± 3.8 
1.23 
Butyl-PABA 
(log k = 3.16) 
29.6 ± 2.0 
36.8 ± 1.4 
1.24 
also studied. Similar results to that of the solution application were 
observed (see Table II). These findings indicate that the possible 
existence of an unstirred boundary layer in the donor solution does 
not affect the skin permeation of the rather lipophilic compounds 
used in the present study. 
The possible presence of another unstirred boundary layer in the 
receptor solution should also be taken into consideration. However, 
the effects of the unstirred boundary layer in the receptor solution 
can be set aside in the present study because the receptor solution 
was vigorously agitated to reduce the thickness of the layer. 
Our experiments were conducted with full-t~icknes~ human skin 
and shed snake skin. Full-thickness human Sklll has an underlymg 
tissue (viable epidermis and dermis), which is predominantly 
aqueous and has an effective thickness (1 to 3 mm) of aqueous 
boundary layers. Bronaugh has reported that the thick dermal tissue 
can present a substantial barrier in an in vitro permeation study, 
particularly for lipophilic compounds [25]. Estimating the diffusion 
coefficient (D) in the tissue to be 0.007 for SA m the absence of any 
stratum corneum barrier would be calculated as follows: J = (D / 
h) . C = (0.007 cm2/h) (500,ug/ml)/(0.18 cm) = 19.4,ug/cm2/h, 
where C and h denote the SA concentration in the donor cell and 
the thickness of the underlying tissue of human mamma skin, re-
spectively. This calculated J value approximates the increased flux 
value of SA at pH 2.0 (16.1 ,ug/cm2/h) observed in the lipid-de-
pleted human skin (see Table I). Thus, the diffusion process through 
the underlying tissue can be a rate-determining step in the overall 
diffusion through the skin, especially when the diffusion resistance 
of the stratum corneum to permeants is markedly decreased. On the 
other hand, shed snake skin is much thinner (= 50 ,urn) than human 
skin, indicating that the aqueous boundary layer effects in shed 
snake skin can be discounted. The observed selectiviry of the lipid-
depletion effect on enhancing the flux of hydrophilic compounds 
can be attributed to an effect specific to the barrier properties of the 
stratum corneum alone. 
In the present study, 4.92 ± 0.23% (n = 10) of the shed snake 
skin weight was extracted as lipids. However, Itoh et al [16] re-
ported that lipids comprise about 6% of the shed snake skin weight. 
Therefore, the fact that the permeation of highly lipophilic com-
pounds was not influenced by lipid depletion also suggests that some 
amounts oflipid must remain in the stratum corneum even after the 
extraction by solvent, and provide a route for the permeation of 
compounds with higher lipid affinity. . 
The fact that lipid depletion increased the membrane permeabt!-
ity to the less lipophilic compounds may be related only to the 
marked increase in the water flux (about 40 times as shown in Table 
III). It has been reported that high relative humidity (75%), which 
increases the water content in stratum corneum by up to 20 w /w% 
[26], increases the percutaneous absorption of relatively water-solu-
ble compounds [27]. This finding has been accounted for by the 
mechanism of increased lipid fluidiry, i.e., hydration loosens inter-
molecular forces both in the polar head and packed hydrophobic 
groups and extends the hydrophilic domain by allowing insertion of 
water molecules around polar head groups, resulting in easier mi-
gration of compounds [28]. The increased water flux and preferen-
tial enhancement of permeabiliry to less lipophilic compounds 
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caused by lipid depletion may also be explained by the above mecha-
l1lSID. 
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